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THE SYSTEM OF FACIAL RECOGNITION IN THE INFRARED
RANGE
In this paper, a new approach is introduced upgrading the complex object recognizing monitoring system up to the
image processing system capable of operating both in the visible and the infrared wavelength ranges. For this purpose,
both new algorithmic software and user interface are provided that require from the operator neither special knowledge,
nor specific competencies in the fields of object detection, tracking and recognition, while allowing determining the
thermal imager parameters necessary for constructing a high-quality image of an object. There are formulated the
conditions required for obtaining such image that, by its quality, would make the satisfactory detection of the desired
object possible. By means of the conducted tests, it is demonstrated that the application of the proposed mathematical
and algorithmic support of the complex monitoring and control system provides the solution for the problem of the
highly accurate individual recognition.
Keywords: object image, background image, cascade classifier, thermal imager, object contour, background
subtraction

1

Introduction

The current stage of development of security systems
and passenger traffic control is associated with the detection,
capture and recognition of images of many people, as
well as with the definition of the individual parameters
characterizing their condition and behavior. One of the
promising areas of development of such systems is the
identification of individuals according to their biometric
personal data. It is important not only to determine the
identity of the person, but also to determine his mental and
physical condition, the adequacy of behavior, forecasting
and tracking his or her routes within the transport
infrastructure and choice of the rolling stock. Since low
temperatures prevail in Russia and several European
countries for most of the year, passengers widely use
various insulating accessories that reduce the surface of
the face, suitable for creating an image for recognition.
This paper is devoted to the study of the possibility
of recognizing a person based on the image of his face,
obtained in the infrared wavelength range. To obtain the
primary image of the object under study, a Fluke TIX
580 thermal imager with a sensitivity of 0.05°C is used.
As passengers move within the boundaries of the transport
infrastructure, in order to solve the complex problem of
recognition it is proposed to use a modified method of
analogies involving constructing the system of verification
comparisons between the models of physical objects and
information processes where the main parameters are

quantitative characteristics describing the geometric and
physical quantities that can be detected in the monitoring
system [1-5]. Depending on the distance from the passenger
to the photodetector, it is proposed to use the categories
“far” and “close” objects and, depending on the speed of
movement of the passenger - the categories “fast” and
“slow”. For the primary classification of objects by the
distance to them, their speed and type, it is proposed to
use the method of analyzing the image blur in the optical
range [2, 6-8].

2

Problem statement

Since the presented monitoring system examines the
images obtained in the infrared range, the considered approaches
and algorithms are not suitable for “fast” objects [9-10], because
thermoelastic processes in conventional environments are
sufficiently inertial and depend on the amount of heat, the
surface area through which the heat is distributed, the thermal
conductivity of the medium in which the monitoring system
operates.
This paper does not study the aspects of the
interdependences of the heat flow speed, the speed of
passenger movements and the speed of image acquisition
by means of the thermal imager in the infrared range.
For the classification of the recognizable objects in the
context presented above, it is assumed that the speed
of movement of both passenger traffic and individual
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Figure 1 Combined passenger image in the visible
and infrared wavelength range at a distance of 1.5 meters

passengers is quite small, and that the objects of
recognition are located near the infrared detector.
It is proposed to perform passenger face recognition
by applying the aggregated approach [11] using the
cascade classifiers based on Haar primitives and on
background subtraction algorithms [2, 3, 6]. Since the
resulting images in the infrared range have fewer colors
than regular photography, the use of the described
approaches is reasonable [12-14].
Cascade classifiers are determined by means of an
adaptive boosting algorithm (AdaBoost), well-known from
the researches performed by domestic and foreign scientists
and the modern software system descriptions [15-16].

3

Object detection using cascade of classifiers

Now let us consider an image obtained in the optical
and infrared range using a thermal imager that detects
thermal radiation at wavelengths from 3 to 15 μm [17]
(such radiation corresponds to the thermal processes on
a human body surface) and is set at 1.5 meters from the
object of examination. (Figure 1). The average background
temperature determined by the thermal imaging system
is 25.2°C, and the maximum temperature of the desired
object (passenger) is 35.9°C. From Figure 1, it is seen that
the image quality is not good enough for the successful
construction of a unique cascade classifier based on Haar
primitives [2, 3, 6].
Changing the parameters of the monitoring system
when receiving the primary image of the object [18] means,
first of all, reducing the distance between the object and
the detector that can lead to the appearance of distinct
elements on the image of the passenger’s face (Figure 2)
[19]. The maximum detectable temperature of the object
is equal to 37.0°C and the average temperature of the
background is equal to 36.0°C. The image obtained under
such conditions can be used in recognition algorithms
based on both the cascade classifiers and the background
subtraction procedures [8, 10, 20].
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Figure 2 Combined passenger image in the visible
and infrared wavelengths at a distance of 0.5 meters
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Figure 3 Cascade of classifiers

When using the gradual complication of the primitives
of the Haar [2, 3, 6], each successive classifier of the
cascade meets the more stringent conditions of accuracy
and completeness (Figure 3).
The second approach used in this study is the method
of background subtraction when, to represent each pixel,
one uses not one model (mean and variance), but several
Gaussian ones [18, 21]. This paper presupposes that for
each pixel there are three Gaussian models. If the pixels do
not match the Gaussian background distribution, then
they are considered to be in the foreground. The available
methods of background subtraction differ significantly
from each other, but they all assume that the observed
series of images I consists of a static background B and
moving objects in front of it [21]. It is also assumed that any
moving object has a color distribution different from the
background. In general, the methods of subtracting the
background can be represented as a ratio:
|t ^ s h = (

1, if d ^ I s, t, B s h 2 x,
0, otherwise

(1)

where:
| t - motion mask at a time t,
I s, t - the color of the pixel s at a time t,
B s - pixel background s,
d - distance between I s, t ,
B s , x - threshold value.
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4

Background subtraction algorithm

Now there will be considered several ways to detect
motion in an image. The easiest way to get background B is
to create a single gray or color image that does not contain
moving objects. For this, there is done a photo of the object
of transport infrastructure without moving objects (people)
or a picture with a median filter [22]. To reduce the effects
of light and changes, the background can be represented by
the following iterative expression [23]:
B s , t + 1 = ^ 1 - a h B s , t + aI s , t , ,

(2)

where a = 0.1 is a certain constant.
The presented background model allows determining
pixels belonging to moving objects located in the foreground
by finding the threshold of distance functions of different
orders:
d 0 = I s, t - B s, t ,

(3)

d 1 = I sR, t - B sR, t + I Gs, t - B Gs, t + I sB, t - B sB, t ,

(4)

d 1 = ^ I sR, t - B sR, t h + ^ I Gs, t - B Gs, t h + ^ I sB, t - B sB, t h ,

(5)

d 1 = ^ I sR, t - B sR, t , I Gs, t - B Gs, t , I sB, t - B sB, t h ,

(6)

2

2

2

where indexes R, G and B indicate the intensity of red,
green, and blue in the marked pixel, while d 0 is the initial
distance measure, defined in shades of grey.
The proposed scheme allows one to use the previous
frame I t - 1 as a background image B. This approach reduces
the resulting computational complexity of the procedure
[24]. Also, this approach allows detecting movement by
comparing neighboring frames, it is resistant to changes
in the illumination of the entire picture, while at the
same time it is difficult to select the entire moving object
and not its parts.
Pixels belonging to the background can be detected
by means of the MinMax method, which specifies a
condition whose satisfaction is a criterion for assigning
a pixel to a static object:
M s - I s, t 1 x d n ,

(7)

where:
x - threshold set by the monitoring system operator,
d n - median value of the largest absolute difference
between frames across the image,
s - background pixel,
M s - the maximum difference between frames, which is
associated with the minimum value of this difference m s
and the maximum difference of successive frames D s
observed during the examination of the series of images.
Equation (7) takes into account that, in the noisy area
of the image, the pixel changes greater than in the area of
a stable background [25]. According to this approach, the
description of the desired background pixel by the three
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extremum values m s , M s , D s is more informative than
the one using the traditional mean vector and covariance
matrix. As this Equation (7) holds for grayscale images,
they may carry less information than the color frame
sequences [17, 21].
The estimation of the pixel belonging to the background
image can also be performed by modeling the multimodal
probability distribution function:
P ^ I s, t h = 1
N

t-1

/

i = t-N

K ^ I s, t - I s, i h ,

(8)

where:
K is kernel,
N is a number of previous frames,
P ^ I s, t h is an estimated probability.
If the evaluation is based on a sequence of color
frames, then, in expression (8), one-dimensional kernels
can be used:
P ^ I s, t h = 1
N

t-1

/

%

i = t - N j = ^ R, G, B h

Kd

I sj, t - I s, i n
,
vj
j

(9)

where v j can be fixed or pre-evaluated.
If the background image is quite complex in structure
and color gamut, then the functions of the multimodal
probability distribution can be used. In this case, each
pixel is modeled by a set of K Gaussians [21-22], and the
probability of occurrence of a certain color in a given pixel
s can be represented as:
P ^ I s, t h =

/ ~ i,s,t N^ n i,s,t, R i,s,t h ,
K

(10)

i=1

where:
N ^ n i, s, t, R i, s, t h - representation of the i-th model of the
Gaussian [18, 21],
~ i, s, t - weight of i-th model.
In the calculation it can assumed that R i, s, t = v 2 Id ,
i.e. the covariance matrix is diagonal, and the values
included in Equation (10) for the Gaussian the intensity I s, t
of which does not exceed the specified deviation from the
mean value is determined by the recurrence relations:
~ i, s, t = ^ 1 - a h ~ i, s, t - 1 + a ,

(11)

n i, s, t = ^ 1 - a h n i, s, t - 1 + tI s, t ,

(12)

v i2, s, t = ^ 1 - t h v i2, s, t - 1 + td 2 ^ I s, t, n i, s, t h ,

(13)

where:
a is a set value showing the speed of learning of the
algorithm,
t = aN ^ n i, s, t, R i, s, t h is a second approximation of the
speed of learning,
d 2 is the distance between the pixels.
It is assumed that the values n and v for noncoincident distributions do not change, and only their
weight is decreasing:
~ i, s, t = ^ 1 - a h ~ i, s, t - 1 + a .
COMMUNICATIONS
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4.

If at a certain stage of the iterative process the
component under consideration does not correspond to
the color I s, t with the lowest weight, it is replaced by
the Gaussian having a greater initial dispersion v 20 and a
smaller weight coefficient ~ 0 [18, 22]. After each Gaussian
is redefined, the weights are normalized and added to the
sum of a single value. After that, K distributions are
ordered according to the ratio ~ i, s, t /v i, s, t and H of the
most reliable of them are defined as background:
H = arg min e | ~ i 2 x o .
h

h

(15)

i=1

After the described procedure, pixels having a color
I s, t that differs by a greater deviation than the specified
one from all the obtained distributions H are detected as
belonging to a moving object.
In the presence of a significant noise in the original
images and the use of the algorithms based on the Gaussian
model [18], the noise components may increase. To reduce
this effect, it is proposed to use morphological operators
that are erosion and dilation.
Binary representation of erosion has the following
form:
AHB =

(

Ab ,

(16)

b!B

where A is a main binary image and B is a binary
representation of the structural element causing erosion.
Image B moves around the entire image A and, if the unit
pixel A and B are the same, then there occurs the logical
centering of the central pixel B with the corresponding
pixel A. As a result, the original image is cleared of the
objects smaller than the structural element.
The binary dilation operator is represented as:
A5B =

'

Ab .

(17)

b!B

If the origin of the structural element B coincides with
a single pixel, the entire element B is transferred and then
added to the corresponding pixels of the image A.
The operator (15) is mainly used to clear the
background, while the operator (16) is used to select
foreground objects. In fact, both erosion and dilation
affect the boundaries of the objects, primarily changing
the graphic elements of the small size, and thus there often
arises a separate task of detecting the boundaries of the
objects as well as the corner points. One of the methods
of allocation of the boundaries of the objects is the Kanye
method. Its implementation includes the following main
stages:
1. Applying the Gaussian filter in order to smooth the
image and remove noise.
2. Defining the gradients of the image intensity;
where the maximum gradient value is detected, the
boundary is marked.
3. Making use of the non-maximum filtration procedure.
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Applying the double threshold method in order to
determine potential boundaries.
5. Tracing the ambiguity region, simultaneously
suppressing all the boundaries that are not
associated with the specific edges.
The described operator is most often implemented
in a grayscale image - to reduce the cost of computing
power.
Defined in the proposed way, the contour is an array
of points connected to a curve. Each foreground object
(movable) is characterized by its contour. This procedure
will help to detect the overlap of the studied objects and
to select the objects that have all the points on the contour
curve and are to be recognized and classified lately.
The developed facial recognition system consists of the
following modules: loading a series of images of passenger
traffic, entering the parameters of recognition by the
user, the background subtraction algorithm, the mode of
matching subsequent frames, the detection of an individual
passenger, object recognition and entry into the database.

5

Implementation of image processing
algorithms

In this study, when considering the complex monitoring
system, more attention is paid to the object detection
unit that uses the background subtraction algorithm and
is expected to take into account a number of factors,
including sudden or gradual change in illumination;
repetitive and oscillatory movements of individual elements
at the background; long-term changes in the position of the
objects in the overall picture.
The procedure of background subtraction is quite
well known and it is used in various modifications in
many graphic editors and image processing programs to
create a foreground mask (a binary image that includes
pixels related to moving objects). The foreground mask
is determined by means of subtraction of the background
image from the current frame, while this very background
image is formed taking into account the parameters of
the observed picture and the characteristic time of the
individual object position changes, as well as the settings
of the photo system.
The implementation of the presented algorithm is
possible with the help of OpenCV technical vision library
also allowing working with the cascade classifiers based
on the Haar primitive use [2, 3, 6]. As a subtraction method,
the method is used that segments the background and
foreground objects using a set of Gaussians [18, 21] for each
of the elements; in the library, this method is referred to as
MOG2. The specified algorithm selects the most accurate
Gaussian distribution for each of the pixels and therefore
it can adapt well to changing shooting conditions.
To perform the described procedure, several functions
are sequentially used. The function setShadowValue() is
responsible for the detection and designation of shadows
and has one parameter that takes values from 0 to 255.
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a)

b)

c)

Figure 4 Representation of the passenger object in the visible optical range: a) the initial image of the object,
b) selecting an object without a shadow, c) the contour of the object with the averaged background in the place of an object

Next, a function apply() is performed that finds
the foreground mask and has three parameters: image,
fgmask, learningRate. The field Image defines the next
frame of the sequence which is used without scaling.
The field Fgmask sets the foreground mask as an 8-bit
binary image. LearningRate is the parameter specifying
the rate of change of the background, its equality to
zero means that the background remains the same for
the entire series of images, and the unit indicates that
the background is each time redefined by the last image
of the series. This parameter can take negative values.
In this case, the speed of background change is selected
automatically.
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The next step is to use a function setHistory() that
determines the number of frames that are taken into
account when the background model is obtained.
To detect and select the individual moving objects,
it is proposed to use a function findAndDrawContours()
that detects contours in a binary representation. If the
contours found have a size larger than the user-defined
threshold value denoted by the parameter areaThreshold,
then using the function drawBoundingBox(), the objects
to which the corresponding contours belong are
indicated by rectangular frames. Figure 4 demonstrates
the use of the above functions with some modifications
needed to work with multi-color images [16, 21].
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In this study, software that implements the above
algorithms in the form of a single complex of monitoring
and control is developed. For the convenience of its
use by an operator without special skills, a graphical
user interface (GUI) [26-27] has been developed, which
provides developers with an ability to create forms with
the necessary placement, related classes and dialogs.

6

Conclusion

Since the interaction of the operator-user with the
hardware-software complex of monitoring and control
occurs according to a certain scenario, when designing
and implementing it, it is necessary to take into account
the individual characteristics of the operators and the
requirements to them depending on the task to be solved
and the individual functions of the software complex. This
approach is taken into account in this work when creating
the user interface. The system of classes, functions and
concepts associated with the scenario of interaction
between the user and the software application, as well
as the individual modules of the monitoring software
and hardware complex between them, determines the
set of the possible states of dialogue and actions that

allow moving from one state to another. The state of
interaction is determined by an event occurring with a
separate interface element.
The developed interface of the main modules of the
monitoring system has been tested by means of the GOMS
(Goals, Operators, Methods, and Selection Rules) method
making it possible to determine the time needed to solve
a specific task together with the speed of the application
operation in various situations. The implementation of the
user actions is evaluated by defragmenting the task being
performed into typical components and by calculating the
time spent by operators for the operation with each of the
interface elements.
In general, the proposed mathematical and algorithmic
software can be used in complex monitoring and control
systems in both optical and infrared wavelengths, and
the formulated parameters for obtaining the primary
image provide a solution for the problem of detection and
recognition of individual passengers.

Acknowledgement
This study was financially supported by the Russian
Science Foundation (research project No. 17-11-01049).

References
[1] GRYAZNOV, N., LOPOTA, A. Computer vision for mobile on-ground robotics. Procedia Engineering [online]. 2015,
100, p. 1376-1380. ISSN 1877-7058. Available from: https://doi.org/10.1016/j.proeng.2015.01.506
[2] LOKTEV, D. A. Determination of object parameters by a series of its images in the integrated monitoring system (in
Russian). Path and Track Facilities. 2015, 2, p. 31-33. ISSN 0131-5765.
[3] SUN, Z., BEBIS, G., MILLER, R. On-road vehicle detection using optical sensors: a review. 7th International IEEE
Conference on Intelligent Transportation Systems : proceedings [online]. 2004. ISBN 0-7803-8500-4. Available from:
https://doi.org/10.1109/ITSC.2004.1398966
[4] COLLINS, R., LIPTON, A., KANADE, T. A system for video surveillance and monitoring. Technical Report
CMU-RI-TR-00-12. Pittsburgh: The Robotics Institute, Carnegie Mellon University, 1999. Available from:
https://www.ri.cmu.edu/pub_files/pub2/collins_robert_2000_1/collins_robert_2000_1.pdf
[5] LOKTEV, D. A., LOKTEV, A. A., SALNIKOVA, A. V., SHAFOROSTOVA, A. A. Determination of the dynamic
vehicle model parameters by means of computer vision. Communications - Scientific Letters
of the University of Zilina [online]. 2019, 21(3), p. 5-11. ISSN 1335-4205, eISSN 2585-7878. Available from:
http://komunikacie.uniza.sk/index.php/communications/article/view/93
[6] HAHNE, U. Real-time depth imaging [online]. Ph.D. Thesis. Berlin: Technische Universitat Berlin, 2012. Available
from: https://d-nb.info/1023762218/34
[7] LINDNER, M., KOLB, A. Calibration of the intensity-related distance error of the PMD TOF-camera. SPIE - The
International Society for Optical Engineering : proceedings [online]. 2007. ISBN 978-0-8194-6924-3. Available from:
https://doi.org/10.1117/12.752808
[8] GIL, P., POMARES, J., TORRES, F. Analysis and adaptation of integration time in PMD camera for visual serving.
20th International Conference on Pattern Recognition : proceedings [online]. 2010. ISSN 1051-4651. Available from:
https://doi.org/10.1109/ICPR.2010.85
[9] MULJOWIDODO, K., RASYID, M. A., SAPTO, A. N., BUDIYONO, A. Vision based distance measurement system using
single laser pointer design for underwater vehicle. Indian Journal of Marine Sciences [online]. 2019, 38(3), p. 324-331.
ISSN 0379-5136. Available from: http://nopr.niscair.res.in/bitstream/123456789/6209/1/IJMS 38(3) 324-331.pdf
[10] DESCHENES, F., ZIOU, D., FUCHS, P. Enhanced depth from defocus estimation: tolerance to spatial displacements.
Technical Report No. 256. Quebec: Universite de Sherbrooke, 2000.

COMMUNICATIONS

1/2020

VOLUME 22

101

THE SYSTEM OF FACIAL RECOGNITION IN THE INFRARED RANGE

[11] ALFIMTSEV, A. N., SAKULIN, S. A., LOKTEV, D. A., KOVALENKO, A. O., DEVYATKOV, V. V. Hostis humani ET mashinae:
adversarial camouflage generation. Journal of Advanced Research in Dynamical and Control Systems [online]. 2019,
11(2), p. 382-392. ISSN 1943-023X. Available from: http://jardcs.org/abstract.php?id=320
[12] HU, H., HAAN, G. Low cost robust blur estimator. IEEE International Conference on Image Processing : proceedings
[online]. 2006. ISBN 978-1-4244-0481-0. Available from: https://doi.org/10.1109/ICIP.2006.312411
[13] Zaman, T. Depth estimation from blur estimation. Delft: Delft University of Technology, 2012. Available from:
https://pdfs.semanticscholar.org/dbf5/e58c54fe68591bf749d22b5ac002ca8cfe38.pdf
[14] LIN, H.-Y., CHANG, C.-H. Depth from motion and defocus blur. Optical Engineering [online]. 2006, 45(12), p. 1272011-127201-12. ISSN 0091-3286, eISSN 1560-2303. Available from: https://doi.org/10.1117/1.2403851
[15] BORACHI, G., CAGLIOTI, V. Motion blur estimation at corners. 3rd International Conference on Computer Vision
Theory and Applications : proceedings. 2008. ISBN 978-989-8111-21-0.
[16] SCHAPIRE, R. E., FREUND, Y. Boosting: foundations and algorithms. Massachusetts: MIT Press, 2012.
ISBN 978-0-2620-1718-3.
[17] BOURLAI, T., MAVRIDIS, N., NARANG, N. On designing practical long range near infrared-based face
recognition systems. Image and Vision Computing [online]. 2016, 52, p. 25-41. ISSN 0091-3286. Available from:
https://doi.org/10.1016/j.imavis.2016.04.013
[18] CHANG, H., HARIHARAN, H., YI, M., KOSCHAN, A., ABIDI, B., ABIDI, M. An indoor and outdoor, multimodal,
multispectral and multi-illuminant database for face recognition. IEEE Computer Society Conference on
Computer Vision and Pattern Recognition : proceedings [online]. 2006. ISBN 978-0-7695-2646-1. Available from:
https://doi.org/10.1109/CVPRW.2006.28
[19] ROSSIKHIN, YU. A., SHITIKOVA, M. V., LOKTEV, A. A. The analysis of thin-walled building structures subjected to
impact excitation. 4th International Ph.D. Symposium in Civil Engineering : proceedings [online]. 2002. Available from:
https://doi.org/10.1002/stab.200201020
[20] CHERNOYAROV, O. V., BREZNAN, M., TEREKHOV, A. V., Restoration of deterministic and interference distorted signals
and images with use of the generalized spectra based on orthogonal polynomials and functions. Communications Scientific Letters of the University of Zilina [online]. 2013, 15(2A), p. 71-77. ISSN 1335-4205, eISSN 2585-7878.
Available from: http://komunikacie.uniza.sk/index.php/communications/article/view/34
[21] LOKTEV, A. A., BAKHTIN, V. F., CHERNIKOV, I. YU., LOKTEV, D. A. Method of determining external defects of a structure
by analyzing a series of its images in the monitoring system (in Russian). Vestnik MGSU. 2015, 3, p. 7-16. ISSN 1997-0935,
eISSN 2304-6600.
[22] LOKTEV, D. A., LOKTEV, A. A. Determination of object location by analyzing the image blur. Contemporary
Engineering Sciences [online]. 2015, 8(9), p. 467-475. ISSN 1313-6569, eISSN 1314-7641. Available from:
http://dx.doi.org/10.12988/ces.2015.52198
[23] ALFIMTSEV, A. N., LOKTEV, D. A., LOKTEV, A. A. Comparison of methodologies for developing systems of intellectual
interaction (in Russian). Vestnik MGSU. 2013, 5, p. 200-208. ISSN 1997-0935, eISSN 2304-6600.
[24] CHERNOYAROV, O. V., KUTOYANTS, Y. A., MARCOKOVA, M. On frequency estimation for partially observed
system with small noises in state and observation equations. Communications - Scientific Letters of the
University of Zilina [online]. 2018, 20(1), p. 67-72. ISSN 1335-4205, eISSN 2585-7878. Available from:
http://komunikacie.uniza.sk/index.php/communications/article/view/48
[25] DRAKOPOULOS, V. Fractal-based image encoding and compression techniques. Communications - Scientific
Letters of the University of Zilina [online]. 2013, 15(3), p. 48-55. ISSN 1335-4205, eISSN 2585-7878. Available from:
http:// komunikacie.uniza.sk/index.php/communications/article/view/687
[26] LOKTEV, D. A., LOKTEV, A. A. Development of a user interface for an integrated system of video monitoring based on
ontologies. Contemporary Engineering Sciences [online]. 2015, 8(20), p. 789-797. ISSN 1313-6569, eISSN 1314-7641.
Available from: http://dx.doi.org/10.12988/ces.2015.57196
[27] LOKTEV, A. A., IZOTOV, K. A., LOKTEV, D. A. The possibility of increasing the bandwidth of fiber-optic communication
lines. Moscow Workshop on Electronic and Networking Technologies (MWENT) : proceedings [online]. 2018.
ISBN 978-1-5386-3497-4. Available from: https://doi.org/10.1109/MWENT.2018.8337243

VOLUME 22

COMMUNICATIONS

1/2020

